SUMMARY. This investigation was undertaken to examine trophic interrelationships between nerves and arteries in male Wistar rats. Two approaches were used. (1) Surgical denervation of two peripheral muscular arteries in the thigh (the superficial epigastric and saphenous) was carried out on young animals (5-20 days old). (2) Arteries from young adults, either with a high density of innervation in situ (the tail artery), or virtually uninnervated (the femoral artery), were transplanted into intact or sympathectomized anterior eye chambers of adult rat hosts. In the denervation experiments, the maximum length of time before reinnervation occurred was 15 days postoperatively. The only evidence of morphological change in the vessel wall was in the external elastic lamina that became irregular and laminated. Reinnervation followed the typical developmental sequence, and was accelerated in the younger animals and by a double lesion. Translocating the proximal part of the nerve carrying the vasomotor innervation indicated that sprouting was directional toward the muscular arteries, bypassing an artery with very sparse innervation. The transplant experiments into the anterior eye chamber showed that only an artery densely innervated in situ (the tail artery) could induce reinnervation by iridean nerve sprouting. The tail artery, in the chamber lacking adrenergic innervation of the iris, became reinnervated by terminals with small agranular vesicles. These vesicles were part of Schwann cell complexes, at a similar relative density, occupying the same position in the vessel wall, as the ingrowing nerves in the fully innervated iris. The latter also had a proportion of terminals with the small clear vesicles. A small population of large granular vesicles could also be found in both types of terminals. Therefore, tissue normally having only sympathetic innervation cannot be assumed to be completely noninnervated when transplanted into a sympathectomized anterior eye chamber. The denervation and transplant experiments described here demonstrated the presence of trophic interactions between nerves and arteries, but also revealed a heterogeneity of response between vessels with very high and extremely low levels of innervation in situ. (Circ Res 58: 641-652, 1986) 
SUMMARY. This investigation was undertaken to examine trophic interrelationships between nerves and arteries in male Wistar rats. Two approaches were used. (1) Surgical denervation of two peripheral muscular arteries in the thigh (the superficial epigastric and saphenous) was carried out on young animals (5-20 days old). (2) Arteries from young adults, either with a high density of innervation in situ (the tail artery), or virtually uninnervated (the femoral artery), were transplanted into intact or sympathectomized anterior eye chambers of adult rat hosts. In the denervation experiments, the maximum length of time before reinnervation occurred was 15 days postoperatively. The only evidence of morphological change in the vessel wall was in the external elastic lamina that became irregular and laminated. Reinnervation followed the typical developmental sequence, and was accelerated in the younger animals and by a double lesion. Translocating the proximal part of the nerve carrying the vasomotor innervation indicated that sprouting was directional toward the muscular arteries, bypassing an artery with very sparse innervation. The transplant experiments into the anterior eye chamber showed that only an artery densely innervated in situ (the tail artery) could induce reinnervation by iridean nerve sprouting. The tail artery, in the chamber lacking adrenergic innervation of the iris, became reinnervated by terminals with small agranular vesicles. These vesicles were part of Schwann cell complexes, at a similar relative density, occupying the same position in the vessel wall, as the ingrowing nerves in the fully innervated iris. The latter also had a proportion of terminals with the small clear vesicles. A small population of large granular vesicles could also be found in both types of terminals. Therefore, tissue normally having only sympathetic innervation cannot be assumed to be completely noninnervated when transplanted into a sympathectomized anterior eye chamber. The denervation and transplant experiments described here demonstrated the presence of trophic interactions between nerves and arteries, but also revealed a heterogeneity of response between vessels with very high and extremely low levels of innervation in situ. (Circ Res 58: 641-652, 1986) THE interrelationships between the autonomic innervation and vascular smooth muscle are as yet unclear. Skeletal muscle and nerves are mutually interdependent for survival (Gutmann, 1975) . However, vascular smooth muscle can be deprived of its sympathetic vasomotor innervation, since almost complete and permanent sympathectomy is possible (Clark et al., 1972; Finch et al., 1973) . Vascular smooth muscle differs from skeletal muscle in that circulating vasoactive substances are available which might compensate for the loss of the nerve supply (Burnstock, 1975) . Although vascular muscle may not depend on its innervation to survive, there is evidence that trophic interactions between vascular smooth muscle and adrenergic innervation do occur. Following denervation, the central rabbit ear artery had a thinner, stiffer wall, decreased maximum developed force, and increased sensitivity to norepinephrine (Bevan, 1975 (Bevan, , 1984 Bevan and Tsuru, 1979 , 1981 . Denervated cerebral arteries also had a decreased mass (Bevan et al., 1983) . Perfusion studies by Rusterholz and Mueller (1982) showed that an increased cross-sectional area was indicated in the denervated rabbit ear vascular bed. Bevan's (1984) report of a 2.5-fold increase in the arteriovenous anastomoses supports this. Results from the rat portal vein (reviewed by Aprigliano, 1983 ) indicated a supersensitivity similar to that observed in the rabbit ear artery. Therefore, these reports suggest that denervated vessels have altered characteristics, thus implying that the adrenergic innervation had a trophic influence.
In contrast, Branco and coworkers (1984) propose that the sympathetic innervation to blood vessels does not have a "trophic," but, rather, a "repressive," function. They base this hypothesis on studies on the denervated rabbit ear artery and dog saphenous vein. They find fewer but larger metabolically active smooth muscle cells, an increased amount of extracellular matrix, and a thicker vessel wall overall. Other investigators have also found increased collagen synthesis and increased cholesterol content 642 after sympathectomy in the aortas of rats and rabbits (Fronek et al., 1978; Fronek and Turner, 1980; Fronek, 1983 ).
There are a number of examples of sympathetic neurons specifically growing toward a target, in the brain (Crutcher and Davis, 1981) , to blood vessels in transplanted skin (Waris, 1978a (Waris, , 1978b , and in tissue culture (Chamley et al., 1973a (Chamley et al., , 1978b Chamley and Campbell, 1976) . Some target trophic factor seems to have influenced the pattern of growth. Drachman (1974) proposed that these unknown 'trophic substances" be called "mysterines."
In previous studies in this laboratory on the developing innervation of rat peripheral arteries (Todd, 1980a; Todd and Tokito, 1981a) , we found that the adrenergic plexus maintained a precise relationship with the outermost layer of smooth muscle cells, as the number of layers increased with time. In this report, interactions between the innervation and the vessel wall were examined to determine whether there was any evidence for the presence of Drachman's "mysterines." The experimental protocol involved (1) arteries in the thigh following local surgical denervation, and (2) segments of arteries transplanted into the anterior eye chamber.
Transplanting tissues into the anterior eye chamber has been the experimental procedure in a number of different projects since it was first introduced by Olson and Malmfors (1970) . As this site is immunologically privileged, the transplanted tissue is not rejected, and may become innervated by an ingrowth of neurons due to iridean nerve sprouting. In addition, this host site can be freed of sympathetic nerves through superior cervical ganglionectomy which destroys the adrenergic innervation of the iris (Abel and Hermsmeyer, 1981; Kobayashi et al., 1983; Olson et al., 1983) .
Both the denervation and transplant experiments provided evidence for the presence of trophic interactions, but indicate the heterogeneity of the response in different arteries.
Methods
Male Wistar rats from an inbred colony maintained in the Department of Anatomy were used in all experiments. The rats were kept in a controlled environment and were given water and Purina Laboratory Chow ad libitum. The pups were weaned at 4 weeks of age.
The blood vessels studied were the femoral artery of the thigh, a musculo-elastic artery, and two of its major branches, the superficial epigastric and saphenous arteries, both muscular arteries. In addition, the tail artery, another muscular artery, was studied in some experiments. The vasomotor innervation of these vessels shows the typical catecholamine histofluorescence (Todd, 1980a) with the small dense-cored neurotransmitter vesicles of adrenergic terminals (Todd and Tokito, 1981a) .
Denervation Experiments
In humans, the femoral nerve carries the vasomotor innervation to the vessels branching from the femoral artery (Williams and Warwick, 1975) . We found that this Circulation Research/Vo/. 58, No. 5, May 1986 was true in rats as well. Thus, the saphenous and superficial epigastic arteries could be denervated by cutting the femoral nerve.
Experiments were carried out in 5-, 10-, 15-, and 20-day-old animals, and most of the vessels were examined and sampled at 5, 10, or 15 days postoperatively. The experiments are summarized in Table 1 . Several different unilateral denervation techniques were carried out under ether anesthesia. In each experiment, the contralateral side acted as a control: (1) the femoral nerve was severed or a small segment was removed at the inguinal ligament, (2) the whole of the femoral nerve in the thigh was removed to just beyond its branch point, (3) the same as (2) but the proximal stump was cauterized, and (4) the femoral nerve was sectioned just beyond its branch point, repositioned, and sutured to the anterior abdominal wall in an attempt to "confuse" the regenerating neurons. These experimental procedures are summarized in Figure 1 .
Tissue samples of both the superficial epigastric and saphenous vessels were taken from animals under sodium pentabarbitone anesthesia (10 mg/100 g), and processed for electron microscopy. Both of these muscular arteries normally have a relatively dense adrenergic plexus (Todd, 1980a; Todd and Tokito, 1981a) . Two to five cross-sections of the whole vessel wall from each artery were examined for evidence of vasomotor innervation at the ultrastructural level, at the tunica media-adventitial border, which is the location in these vessels. An additional three animals in the repositioning experiments (group 4) were assessed after 9 months.
Transplant Experiments
The prominence of trophic interactions might differ in vessels which have different densities of innervation. In the rat, the tail artery is densely innervated, whereas the femoral artery has virtually no innervation (Todd, 1980a; Todd and Tokito, 1981a) . Both vessels were used in the transplant experiments.
The transplanting technique is similar to that first described by Olson and Malmfors (1970) . Atropine sulfate (2.4%) was applied to the eyes of the host animal, maintained under ether anesthesia. The donor animal, was anesthetized with sodium pentabarbitone (10 mg/100 g), and the proximal regions of the femoral and tail arteries were separated from adjacent tissue, excised, and briefly washed in glucose-Krebs solution (Palaty, 1971; Palaty and Todd, 1978) . When the pupil was sufficiently dilated, a horizontal cut, relative to the curvature of the cornea, was made, and a segment of artery was inserted. The cut was self sealing. Vessels were removed from 8-to 12-week-old donor animals and were transplanted into the eyes of adult hosts (5 to 6 months old). Preliminary experiments indicated that vessels from actively growing animals (for example, 2 to 3 weeks) that were still undergoing maturation were less able to maintain the vessel architecture due to tissue ingrowth from the iris. There was no problem with typical vessel architecture being maintained in older animals. The hosts were chosen as fully mature adults. The transplants were removed from the host animal under pentabarbitone anesthesia. They were examined after 4, 7, 11,14, 17, and 21 days in the anterior eye chamber, and also after 5 weeks. At each time period in the first 2 weeks, and at 3 and 5 weeks after the transplanting, three to five transplants of each vessel were processed. Two to five whole cross-sections of each transplant were examined at the ultrastructural level. Two overlapping low power photographs (l,350x) were taken Category of innervation (2), (3), (4) (2), (3), (4) (2), (3), (4) (2), (3), (4) (2), (3), (4) (2), (3), (4) (2), (3), (4) (1), (2), (3), (4) (4) (1), (2), (3), (4) (2), (3), (4) ( 4) (1), (2), (3), (4) (4) No. of animals with vessels sampled (4) -(l),-(2),++(3),- (4) •Total number of animals on which the four denervation techniques were carried out and on which visual evidence for reinnervation was assessed, and number from which arterial samples were assessed at the ultrastructural level. The innervation groups are: (1) cut, (2) cut and excise, (3) cut, excise and cauterize stump, (4) reposition. DN = denervation. t (+) Indicated five or more terminals at the tunica medial-adventitial border when the complete circumference of the artery was examined. (-) Indicated no terminals were present.
of the vessel wall from the lumen to the adventitia, and then 18-20 overlapping photographs were taken of at least one-third of the circumference of the artery at the tunica media-adventitial border. The magnification (15,000x) was sufficient to assess the neurotransmitter storage vesicles. The number of bundles of nerve processes was counted along a measured circumferential length (Table 2) . Nerve processes were evenly distributed around the circumference, and similar areas were counted for all transplants, i.e., the transplant segment was the beginning of the proximal portion of the vessel in situ. In the 3-and 5-week transplants, the total number of nerve processes with vesicles was also counted, and whether the small vesicles were granular or agranular (clear) was determined (Table 3) . Only bundles and terminals immediately adjacent to the external elastic laminae were included in the counts, with no intervening fibroblast cell processes.
A series of experiments was carried out in which unilateral superior cervical ganglionectomy was carried out on the host animal when it was under ether anesthesia just prior to the transplanting of the vessel. In these experiments, the contralateral eye to the ganglionectomy acted as the control. Tail and femoral artery segments were transplanted from 5-to 7-week-old donors into 4-to 5-month-old hosts. Three to five transplants of the tail and femoral arteries were examined after 4, 7, 11, and 14 days, and at 3 and 5 weeks from both the intact and sympathectomized anterior chambers, as described above (Table 2 and Table 3 ).
Electron Microscopy
All tissues, in both denervation and transplant experiments were processed for electron microscopy using an improved potassium permanganate technique (Todd and Tokito, 1981b) . This method fixes neuronal elements including storage vesicles, if present, and thus permits terminals to be identified. The smooth muscle cells and their paracellular matrix are also well preserved. Sections for light microscopy were cut at 0.5 /im, stained with 1:1 No. of bundles of nerve
Intact iris
Tail A 1 9.5 ±0.7 5.4 ± 0.9 6.1 ± 1.1 6.6 ± 0.9 7.8 ± 1.3 11.1 ± 0.7 | The number of bundles of processes was counted along a measured circumferential length at the tunica media-adventitial border. Only those immediately adjacent to the external elastic lamina, with no intervening fibroblasts were included.
JSignificantly different from tail artery transplants in the intact eye, P < 0.01, transplanted for 5 weeks. All other transplant times in the tail artery showed no significant differences. mixture of 1 % azure II and 1 % toluidine blue in 1 % borax, and evaluated and photographed with a Leitz Orthoplan photomicroscope. Thin sections (80-100 nm) were examined and photographed with a Philips 300 electron microscope.
Student's f-test was used for statistical comparisons between groups, and results are stated as the mean ± SE.
Results

Denervation Experiments
Regardless which one of the four types of denervation was used, denervation of the blood vessels proved to be temporary. Therefore, local denervation techniques involving manipulation of the femoral nerve in the thigh, are not sufficient to prevent the regrowth of the vasomotor innervation. The most convincing proof that a trophic influence was affecting the regrowth was obtained from results with the repositioned nerve (group 4). The reinnervation was neither random, nor did it follow a previously defined course. Collateral sprouts, which arose from the side of the trunk sutured to the In each case the number of transplants refers to the number of donor animals from which vessels were removed and transplanted into a host eye.
anterior abdominal wall, were clearly visible 15 days postoperatively and grew directionally back to reinnervate the superficial epigastric and saphenous arteries at their proximal ends. Further evidence that the nerves were growing toward a specific target was obtained by the fact that they bypassed the femoral artery which would normally be virtually without innervation. In the animals assessed 9 months after the repositioning experiments, the collateral sprouts remained, arising from an apparently healthy nerve trunk on the anterior abdominal wall. Thus, they did not return to the normal course of the nerve trunk adjacent to the femoral artery. Although the femoral nerve is a mixed nerve, there were no clearly visible sprouts directionally reinnervating anterior thigh muscles. Even though the collateral sprouts were not always visible at the time of sampling the superficial epigastric and saphenous arteries 10 days post-operatively, nerve endings were present at the tunica media-adventitial border in most age groups (Table 1) .
With the other denervation techniques, either cutting, removing, or cauterizing the femoral nerve, the regenerating neurons followed the most direct pathway to the superficial epigastric and saphenous arteries, that is, following their normal position beside the femoral artery. Cauterizing the stump appeared to stimulate rather than inhibit the regeneration. In some cases, a regenerating nerve trunk was visible within 10 days after the operation. This was not observed without the cautery. Figure 2 illustrates an adrenergic terminal in the superficial epigastric artery 10 days after this treatment. Visual evidence of nerve processes adjacent to the arteries after any of the denervation techniques was consistently indicative of the presence of terminals at the ultrastructural level.
At any age, the process of reinnervation mimicked that of developing innervation. For example, initially, there were many axons not enclosed within the Schwann cells, the varicosities had fewer vesicles, and processes with tubular structures were common (Todd and Tokito, 1981a) . During development, the relative density of innervation in these two vessels is not represented by a gradual increase but, for example, shows a peak at about 12 days, and then a decline (Todd, 1980a; Todd and Tokito, 1981a) . Therefore, denervation at an earlier age, during the period of rapid ingrowth, resulted in reinnervation in a shorter period of time. Thus, animals with the femoral nerve cut at 20 days of age and examined 10 days later, were still denervated. In 5-day-old animals, the vessels already had varicosities 5 days later. The results from all the age groups are summarized in Table 1 . The reinnervated blood vessels, then, and the contralateral control vessel, had a similar position for the varicosities adjacent to the tunica mediaadventitial border (Fig. 3) . Nearly one-third of the blood vessels had an external elastic lamina which was irregular in thickness and multilayered (Fig. 4) . This appearance was never observed in the control vessels.
Considering the transitory nature of the denervation, no major alterations in the blood vessel wall could be expected. However, the results were consistent with the existence of a trophic factor in certain vascular tissues which induced and directed nerve growth.
Transplant Experiments
Fully Innervated Iris
In these experiments, the highly innervated tail artery and the virtually noninnervated femoral artery transplants were first examined 4 days after insertion into the anterior chamber of the eye.. By this time, both transplanted vessels were vascularized from iridean blood vessels, although they would normally not have any vasa vasorum. In the tail artery transplants, there were remnants of the 
/ FIGURE 4. Superficial epigastric arteries from a 15-day-old animal, operated on 10 days previously on one side and with the stump of the femoral nerve cauterized (panel a), and from the contralateral control side (panel b). The external elastic lamina (E) is much more irregular in the temporarily dennervated artery.
intrinsic vasomotor innervation. None of the vesicles usually present were left in bundles of nerve processes which lacked Schwann cell envelopment, typical of these unmyelinated nerves (Fig. 5) . Presumably, these processes subsequently degenerated. By 7 days, there were clear vesicles in reinnervating sprouts from iridean nerves. The transplanted vessel segments were lying against the iris, and sprouts could be traced from the iridean tissue into the tail artery transplant.
During normal development, clear vesicles appear prior to typical adrenergic dense-cored vesicles as a developmental stage (Todd and Tokito, 1981a) . It was assumed that at least some of the terminals with clear vesicles represented a similar stage when the transplanted segment of vessel was reinnervated from iridean sprouts, particularly since the reinnervation of vessels in situ in the thigh followed the same pattern.
By 11 days after transplantation, the first small dense-cored vesicles, typical of adrenergic innervation, were observed. Schwann cell complexes developed (Fig. 6) , and the position of the vasomotor innervation of the tail artery appeared similar to that of the innervation of arteries in situ. Figure 7 illustrates the details of a Schwann cell complex of a tail artery, in this case transplanted for 5 weeks, and also illustrates a terminal with small clear or agran-
FIGURE 5. Four days after transplanting, the innervation (N) of the tail artery had lost all vesicular content, but remained adjacent to the smooth muscle (M) and external elastic lamina (E). Basement lamina (B) surrounded the group of nerve processes.
ular vesicles. The number of groups of processes in the tail artery transplants was determined at representative postoperative intervals (Table 2) . We determined the percentage of terminals with densecored vesicles vs. those with clear vesicles for the transplants in the 3-and 5-week groups to learn 0-lum
FIGURE 6. The tail artery had Schwann cell complexes (S) enclosing adrenergic neurons which had sprouted from iridean nerves. This segment of artery had been transplanted for 7 7 days. The complexes were located at the tunica media-adventitial border, 3.5 urn from the smooth muscle. The small dense cored vesicles are indicative of adrenergic innervation (A).
FIGURE 7. Panel a: this is typical of a 5-week tail artery transplant with Schwann cells (S) enclosing adrenergic varicosities (A), 0.8 fim from the smooth muscle. They usually lacked the Schwann cell covering adjacent to the effector muscle cell layer. Panel b: some terminals ivith clear vesicles (C) were present in 3-and 5-week (shown here) transplants into intact eyes.
whether the number of the latter was decreasing, which would be expected if they represented maturing terminals. Table 3 summarizes the results. Rather than decreasing in number, if anything the percentage of terminals with clear vesicles showed a slight but insignificant increase. The ubiquitous large granular vesicles (80-120 nm) could be found in any of the terminals.
Iridean nerves did not sprout and form Schwann cell-enclosed terminals at the tuncia media-adventitia border in the transplanted segments of the femoral artery (Fig. 8) . There was no evidence of any sprouts penetrating the transplant between 4 and 11 days, which was an active period of ingrowth in the tail artery transplants. No nerves were observed in longer transplants at any time up to a maximum of 5 weeks (Table 2) .
Even after 5 weeks, the architecture of the vessel wall in both artery transplants was well maintained (Fig. 9) . Small vessels usually extended along the lumen, and formed a network around the periphery of the adventitia. Vessels never penetrated into the 647 wall of the transplanted arteries. That is, they never invaded the smooth muscle cells of the transplanted tissue (Fig. 9) .
Sympathectomized his
In the femoral artery, there was no evidence of any iridean nerve sprouting and ingrowth into the transplant in any of the samples (Table 2) .
After 3 weeks, the tail artery, the normally densely innervated vessel, was reinnervated, and numerous terminals with dense-cored vesicles were present on the control side. However, transplants removed from the sympathectomized anterior chamber had only terminals with clear vesicles and not the typical dense-cored vesicles of adrenergic innervation (Fig.  10) . After 5 weeks, the terminals still consisted of only those with the small agranular vesicles, and the fewer large granular type (Table 3) .
The series of transplants of the tail arteries after 4-14 days in the sympathectomized anterior chambers had a similar time course and relative density for the ingrowth of the iridean nerve sprouts to that in the intact eye (Table 2) . Terminals with neurotransmitter and Schwann cells had disappeared by 4 days. After 7 days, reinnervation was evident. After 11 days, transplants in sympathectomized chambers had terminals with clear vesicles only, whereas, in the intact iris, small dense-cored vesicles always were present by that time. At least a proportion of those seen on the control side were indicative of developing adrenergic nerves (Todd and Tokito, 1981a) .
The significant increase in the number of nerve bundles per linear length in the intact vs. sympathectomized iris in 5-week transplants (Table 2) suggests that there may be continuing ingrowth, only if the iris was fully innervated.
Transplants of both the tail and femoral arteries in the sympathectomized anterior chambers were vascularized from the iridean supply as described previously.
Discussion
The results from the denervation experiments with the thigh vessels indicate that some trophic factor, the "mysterines" of Drachman (1974) , released by certain peripheral arteries, influences nerve growth. This is consistent with the results of other experiments on blood vessels and autonomic nerves. Lundberg et al. (1976) postulated that neurons grew toward transmitter-sensitive cells in the portal vein. Similarly, a target trophic factor was proposed by Crutcher and Davis (1981) to account for directional sympathetic sprouting to the hippocampus following central nervous system lesions (either medial septal alone or with unilateral entorhinal). This sprouting to an atypical target, the authors attribute to the establishment of a concentration gradient of some "trophic" factor. Selective connections were established by sprouting from re- sidual processess following partial denervation of the superior cervical ganglion in the guninea pig (Maehlen and Nja, 1981) . Skeletal muscle in culture has been shown to secrete nerve growth factor (Murphy et al., 1979) , and Chamley et al. (1973b) suggested that nerve growth factor may account for the specificity of sympathetic innervation of various tissues in culture.
In the present denervation experiments, young animals were chosen, since the vessels are still growing and smooth muscle cells are increasing in size. There is a 3-to 4-fold increase in length of the smooth muscle cells between 3 and 30 days (Todd and Green, 1981) . Since the denervation was very transitory, it was not possible to determine, for example, whether or not an absence of innervation would influence the size of the developing smooth muscle cells. Surgical rather than chemical sympathectomy was chosen, since it avoids the possibly toxic systemic effects due to the drug. Rusterholz and Mueller (1982) found that the sympathetic nerves influenced the flow pressure curves of blood vessels of isolated rabbit ears only in growing rabbits (4 weeks vs. 16 weeks).
Directional growth of nerves reinnervating blood vessels has also been demonstrated in transplanted skin and skin flaps in 2-to 3-month old rats (Waris, 1978a (Waris, , 1978b . Although ingrowth into the transplanted skin was random, "target" tissues such as blood vessels were reinnervated. With skin flaps, the regenerated adrenergic nerves mainly followed blood vessels. Erector pili muscles were only occasionally reinnervated by nerves demonstrating nonspecific cholinesterase activity. The author suggests that the nerves apparently were under the control of the target tissue. Presumably the innervation was functional, since neurotransmitter was present. As reported here, very exact directional sprouting of collateral branches occurred from the femoral nerve repositioned to the anterior abdominal wall. This strongly suggests that the growth was directed specifically, in this instance, to the superficial epigastric and saphenous vessels. Nine months later, the innervation pattern had not altered. That is, there was no subsequent reorganization and formation of a new nerve trunk adjacent to the femoral artery. The collaterals continued to provide the pathway. Since the femoral artery is one that has virtually no innervation in the rat (Todd, 1980a) , it seems reasonable to hypothesize that there was no trophic stimulus on the neural tissue. Alternatively, that vessel could produce an antineurogenic factor that would inhibit growth cones, but this possibility is less likely since the normal course of the developing nerves is immediately adjacent to the femoral artery.
The stimulative effect of cauterizing the femoral nerve stump on speed of regeneration was unexpected, since the idea was to discourage growth. However, prior conditioning lesions have been reported to stimulate regeneration in peripheral nerves (Bisby and Pollock, 1983) . In the present case, removal of the nerve trunk was followed immediately by the second stimulus, cauterizing the stump. This excess of trauma may have in some way enhanced the speed of regeneration, similar to that which occurs with a conditioning lesion.
In vasomotor denervation by superior cervical ganglionectomy in the rabbit ear artery (Bevan, 1975 Bevan and Tsuru, 1979 , 1981 , it is suggested that the change in the elastic modulus indicated that structural change in the vessel wall had occurred. This possibly was due, at least in part, to a relative increase in the amount of extracellular material. In the short-term denervation experiments described here, the only sign of any alteration of the normal morphology was in the external elastic lam- ina. As a general rule, elastic arteries have less innervation than muscular arteries (Su and Lee, 1976; Todd, 1980a) , and more extracellular material relative to smooth muscle in the tunica media (Todd et al., 1983) .
The transplant experiments support the hypothesis that the densely innervated tail artery has a high concentration of the trophic substance termed "mysterines" by Drachman (1974) , since these tissues were capable of inducing sprouting of iridean nerves. The femoral artery, with virtually no innervation in situ, did not have this capability. In both vessels, however, the overall architecture of the vessel wall was preserved (Todd, 1980b (Todd, , 1981 . When the segments of tail artery were examined at intervals soon after transplanting (4 days), no synaptic vesicles were left in the indigenous nerves in the transplant. In previous organ culture experiments in vitro, with rat tail arteries, fluorescence histochemistry and ultrastructural assessment indicated that all neurotransmitter had disappeared from the nerve processes after 2 days in culture (Todd and Friedman, 1978) . This corresponds to the time of loss of the adrenergic neurotransmitter when vessels are denervated in situ (Kobayashi et al., 1983) . The nerves in the vessel wall cannot maintain their vesicular or neurotransmitter content without the connections to the nerve cell body, but the processes may persist for up to 2 weeks under suitable culture conditions (Todd and Friedman, 1978) . Some of the bundles of nerve processes observed in the 4-to 14-day transplants were undoubtedly degenerating indigenous nerves overlapping in the time frame with ingrowth.
It is not known what happened to the indigenous Schwann cells in the transplanted tail arteries. They disappeared from their position at the border of the tunica media and adventitia, and there were no recognizable Schwann cells anywhere in the tail artery transplant at 4 days. The Schwann cells were present again as part of nerve complexes when reinnervation occurred. Apparently, Schwann cells are not necessary for reinnervation in this system or for other blood vessels, since there was no evidence that nerves reinnervating cutaneous blood vessels followed previous locations of Schwann cell bands (Waris, 1978a) . Also, the initial vasomotor neurons in developing blood vessels do not have Schwann cells (Todd and Tokito, 1981a) .
The reinnervation of the tail artery segments transplanted into the sympathectomized anterior chamber was not anticipated, since transplants of this vessel have been described as "non-innervated" following ganglionectomy (Abel and Hermsmeyer, 1981) . Similarly, Olson et al. (1983) state that sympathetically noninnervated tissues will remain noninnervated in the eye, but do not consider the possibility of aberrant innervation of tissues which normally are sympathetically innervated. In the present experiments, there was no evidence of random growth of any iridean nerves into the femoral artery transplant, that is, sprouts invading on the chance a suitable target tissue might be available. This supports the idea of a specific target tissue, if we can assume that there is no antineurogenic factor.
Three types of nerves, sympathetic (adrenergic with small granular vesicles), parasympathetic (cholinergic with small agranular vesicles), and sensory (substance P -peptidergic), innervate the iris (Rodrigues et al., 1982; Kessler et al., 1983) . The ultrastructural appearance of terminals with substance P has been described in numerous locations in the central nervous system, and they are invariably associated with small agranular vesicles, but intense immunoreactivity of substance P is in the large granular vesicles (Pickel et al., 1977; DiFiglia et al., 1981 DiFiglia et al., , 1982 Armstrong et al., 1982; Chiba and Murata, 1982) . It is not clear what neurotransmitter is found in all the small clear vesicles, but some have been associated with serotonergic transmission. Substance P has also been identified in avian ciliary ganglion, where it occurred concurrently with acetylcholine in small agranular (clear) vesicles (Erichsen et al., 1982) . In addition, as a developmental stage in adrenergic innervation, terminals with clear vesicles appear prior to the formation of small dense-cored ones (Todd and Tokito, 1981b) . The terminals with small agranular vesicles, then, could be either a developmental stage, cholinergic from parasympathetic iridean innervation sprouting Circulation Research/Vol. 58, No. 5, May 1986 and invading the transplant, or sensory from trigeminal iridean sprouts. It is likely that at least in the first 2-week period, some of the terminals in the intact eye represented a developmental stage of adrenergic reinnervation. There was some evidence of an increasing density of innervation between the 3-and 5-week transplants in the fully innervated eye, but the terminals with clear vesicles must be nonadrenergic in the sympathectomized eye.
The hypothesis of a signal for specific neurons (Davis, 1983) does not seem to hold in this model, since at least two types of terminals reinnervated the tail artery transplant. If nerve growth factor is involved, it could act on sympathetic and sensory neurons, for both of which receptor sites have been demonstrated (Bradshaw et al., 1983) . Nerve growth factor has been shown to have a 2-to 4-fold increase in sympathetically innervated target tissue, following destruction of the terminals by 6-hydroxydopamine (Korsching and Thoenen, 1985) . The segments of tail artery transplants may have shown a similar increase, since their innervation was severed. In the sympathectomized iris, both nerve growth factor (Ebendal et al., 1980) and substance P (Kessler et al., 1983) increase, which strengthens the argument for sensory ingrowth to the transplant rather than parasympathetic, since substance P is found exclusively in the sensory terminals in the iris (Kessler et al., 1983) . Substance P has also been identified in the perivascular region of guinea pig blood vessels (Furness et al., 1982; Cowen, 1984) . Ebendal et al. (1980) have also described a "parasympathetic neuronotrophic factor" released from the iris following trauma (freezing and thawing), and in the present experiments there was a certain amount of trauma involved in the transplanting procedure. The only conclusions that can be drawn at this stage are that the tail artery transplants induced reinnervation from iridean nerves, and there were no significant differences in the number of bundles, except after 5 weeks, in intact and sympathectomized anterior chambers. The exact identification of the aberrant terminals remains to be determined. However, they did occur, and a sympathetically innervated tissue cannot be assumed to be noninnervated, although it has been transplanted into a sympathectomized eye.
The Schwann cell complexes occupy the same position in relation to the vascular smooth muscle as with the vessels in situ (Todd and Tokito, 1981a) . In none of these cases do the terminals penetrate within the smooth muscle layer. It therefore appears that similar factors are regulating the position of the adrenergic vasomotor supply and the reinnervation, of whatever type.
Either vessel, tail, or femoral artery, transplanted into an intact or sympathectomized anterior eye chamber, was readily vascularized from iridean vessels, although neither normally has vasa vasorum. The vascularization never penetratred within the tunica media of the artery transplants. There is evidence from other workers that vascular invasion is related to the typical blood supply of the tissue (Eisenstein et al., 1973; Sorgente et al., 1975) . There is thought to be an antiangiogenic factor present in poorly vascularized tissue such as the aortic wall (Kuettner et al., 1976; Kuettner and Pauli, 1983) . Presumably, a similar interaction is occurring with the artery transplants and iridean blood vessels.
Trophic interactions similar to those seen in the transplant experiments described here have also been reported in other systems. In tissue culture, sympathetic neurons preferentially formed associations with smooth muscle cells from guinea pig vas deferens rather than with fibroblasts (Chamley et al., 1973a) . When a number of different tissues were tested, the neurons reacted particularly with muscle cells from more densely innervated organs or arteries (Chamley et al., 1973b; Chamley and Campbell, 1976) . Cowen et al. (1982) studied the regrowth rate following denervation in an elastic and muscular artery in the guinea pig. They found considerably faster reinnervation of the muscular artery. The results described in this report could offer a possible explanation, namely, that the elastic artery is weak or lacking in its trophic influence with decreased ability to induce nerve growth. Olson et al. (1983) state that the whole pattern of growing adrenergic neurons is determined by the target tissue.
The denervation and transplant experiments described here have demonstrated the presence of trophic interactions between nerves and arteries. Directional sprouting of nerves in young animals and rapid regeneration to specific sites were confirmed by the transplant experiments. In addition, these experiments revealed a heterogeneity of the trophic response in the ability of denervated blood vessels to attract adrenergic nerves and/or cause them to sprout. Such trophic interrelationships might be important determinants of cardiovascular pathological processes.
